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ABSTRACT 
NATALIE SCOTT WILLIAMS: Fungal-Algal Speed Dating: Exploring Symbiotic 
Potential of Fungal-Algal Cocultures 
(Under the direction of Dr. Erik Hom) 
 
 Symbiotic relationships are widely studied phenomena in the biological world. Of 
particular interest are the ubiquitous relationships that exist between fungi and 
photoautotrophs. While much is known about the commonly occurring interactions that 
persist between fungi and a wide range of terrestrial plants, we are interested in exploring 
the symbiotic capacity between fungi and earlier diverging lineages of the plant kingdom, 
notably green algae. We developed an experiment to allow for a medium-throughput 
analysis of fungal-algal interactions using three model green algae: Chlamydomonas 
reinhardtii, Chlorella vulgaris, and Penium margaritaceum. With numerous replicated 
assays, these algae were individually paired with a large selection of fungal species (in 
the subphylum of Pezizomycotina, Ascomycota) and grown together in coculture. These 
fungal-algal cocultures were grown alongside fungal and algal monoculture controls. We 
compared dry-weight coculture biomass to that of fungal and algal monoculture biomass 
and used biomass comparisons as indicators of symbiotic potential in a preliminary 
survey of the capacity for phylogenetically diverse fungi to interact with key 
representatives of the green algae.  
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INTRODUCTION 
 
 Symbioses or persistent and intimate associations between different species, are 
extremely common and play important roles in many ecological systems (Smith and 
Read, 2010). From bipartite interactions such as those between plants and pollinators to 
more complex symbiotic multipartite relationships like that of animals and their 
microbiota, symbiotic relationships are widespread and contribute to fundamental 
biological processes (Dubilier et al. 2008). The term symbiosis refers to all possible types 
of interactions that involve persistent physical association, whether they be beneficial, 
harmful, or neutral (Dubilier et al. 2008). A mutualism or mutualistic symbiosis is a 
specific type of relationship that can be defined as interactions between two species that 
benefit both of them (Bronstein 2015). It is generally believed that at some point in time, 
all organisms participate in mutualistic interactions (Bronstein, Dieckmann, and Ferrière 
2004). Furthermore, many evolutionary transitions that have allowed for the 
diversification of life on earth, for example the evolution of eukaryotic cells, are believed 
to be a product of mutualistic interaction (Kiers et al. 2010).  
  The terrestrialization of plants is another example of an evolutionary transition 
that is believed to have relied on a mutualistic symbiosis (Kiers et al. 2010). Evidence 
suggests that early plants required symbioses with arbuscular mycorrhizal fungi (AMF) 
during the initial phases of the colonization of land. AMF likely acted as a primitive root 
system for nonvascular bryophytes in order to cope with the challenges of nutrient and 
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water scarcity in terrestrial environments. AMF-plant mutualism is established through 
the formation of an “arbuscule” structure within plant root cells where nutrients are 
exchanged between the plant and fungus (Krings, Taylor, and Dotzler 2012; Strullu-
Derrien et al. 2014). In this way, AMF aid in supplying water and soil nutrients such as 
phosphorus and nitrogen to the plants and in return, plants supply fungi with organic 
carbon sources that aid in fungal growth and reproduction (Bonfante and Genre 2010). 
Today, AMF form endosymbioses with 80-90% of all extant plant species (Martin, Uroz, 
and Barker 2017), showing that they continue to provide critical services for vascular 
plants.  
While there have been many studies on AMF interactions with vascular plants, 
less is known about the interactions between early-diverging lineages of plants and their 
associated microbes (Kamel et al. 2017). Furthermore, while the nutrient exchange that 
occurs between AMF-plant symbionts has been well studied, how this complex 
interaction evolved is still unclear. The embryophytes (land plants) are believed to be 
evolved from the Charophyta green algae (Karol et al. 2001).  With the assumptions that: 
(1) land plants arose from an algal lineage and (2) AMF played a role in the ability of 
plants to colonize land, it seems probable that the AMF-land plant relationship could 
have began its early development before land plant lineages diverged from algal 
ancestors. This begs the question: what symbiotic potential exists for fungi to form 
relationships with land plants’ algal ancestors? 
The experiments in this thesis aim to uncover the symbiotic and mutualistic 
potential between phylogenetically diverse algae and fungi through coculturing and to 
gain insight into how primitive microbial interactions could have been the starting point 
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for the evolution of more complex and specialized symbiotic relationships (Hom et al., 
2015; Clear and Hom, 2019). In Chapter 1, a summary of our experimental design will 
explain the steps that were taken to ensure that a coculture biomass assay could be 
efficiently performed. This chapter will also include our process of selecting organisms 
used in experimentation. In Chapter 2, the methods for performing and analyzing our 
coculture assay are explained. Chapter 3 consists of our experimental results and a 
discussion of how these results contribute to our continuation of coculture analysis. 
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CHAPTER 1 
Development of a Fungal-Algal Coculture Assay 
 
 Our mutualism assay was developed with a wide range of potential questions in 
mind: 1) How prevalent are mutualistic fungal-algal interactions? 2) Do these organisms 
possess an innate ability to interact when allowed to grow in close proximity? 3) Are 
there phylogenetic patterns that can be observed with different fungal-algal pairings that 
might be mutualistic or antagonistic? 4) What kinds of physical fungal-algal associations 
can we observe? Given the dynamic and uncertain nutritional conditions in the natural 
environment and the broad diversity of fungi and algae we aimed to test, we designed an 
assay that explores the potential of fungal-algal pairings in a standardized laboratory 
setting rather than mimicking a natural environment.     
Our aim was to screen a broad variety of fungal-algal pairings in hopes that we 
would observe a breadth of interactions. In the initial phase of this study, we used three 
phylogenetically diverse green algal species (see section 1.2 for rationale): 
Chlamydomonas reinhardtii (Chlorophyta), Chlorella vulgaris (Chlorophyta), and 
Penium margaritaceum (Charophyta). These algal species were paired with a wide 
selection of endophytic and endolichenic fungi as well as two model filamentous fungi 
(Neurospora crassa and Aspergillus nidulans) within the largest subphylum of 
Ascomycota, Pezizomycotina. As part of an NSF Genealogy of Life grant in the Hom 
Lab, these endophytic and endolichenic fungi were selected in collaboration with Drs.
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Betsy Arnold (U. Arizona) and François Lutzoni (Duke University) as key 
representatives that span the Pezizomycotina phylogeny. While it is beyond the scope of 
the initial study described here, our plan is to eventually perform additional fungal-algal 
pairings using other representative Charophyte algae. 
 
1.1 Design of a Coculture Biomass Assay  
Our fungal-algal mutualism assay is the first-of-its-kind as far as we are aware to 
be used in screening for microbial symbioses. Our primary concern was how to 
systematically assess mutualistic capability between fungal-algal pairings in a simple and 
practical manner. We considered several metrics to quantify mutualistic quality such as 
biomass or photosynthetic/respiration rates. Photosynthetic/respiration rates generally 
require the use of radiolabeled isotopes in a rather involved and time consuming method 
to measure metabolic activity. Additionally, the filamentous nature of the fungi prevents 
clear separation of fungal biomass from algal biomass after coculturing, thus making it 
difficult to distinguish fungal respiration from algal respiration. Given the inherent 
difficulties with measuring metabolic rates, we decided that biomass was a feasible and 
straightforward measure that could be used in a first-pass screen for fungal-algal 
interactions.  
We reasoned that cocultures resulting in a higher final biomass than the sum of 
the fungal and algal monocultures could be scored as “mutualistic”. In contrast, if 
cocultures had a lower final biomass than the sum of the two monocultures, fungus and 
alga could be considered “antagonistic”.  As a new method, this assay had to be 
developed from the ground up and the “final” procedure came about through a series of 
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trial and error. This chapter details the various obstacles that had to be overcome and the 
many ways we adapted our design throughout the experimental process. 
Barcoding. There were two main critical considerations for our biomass assay; 
we sought to: (1) minimize setup and assay time to increase throughput, and (2) 
standardize methods for assay setup and deployment to minimize variations between 
trials and experimentalists. Early in our trials, we realized that data entry consumed a 
large amount of time and the manual nature of the process made it error prone as each 
sample needed to be weighed multiple times over the course of the experiment. In order 
to optimize workflow, we developed a labeling system that allowed us to quickly 
distinguish the contents of each individual sample and removed the need to manually 
record sample information.  Labels were in the format of algal identification followed by 
fungal identification (Figure 1) and contained a human-readable label paired with a QR 
code that allowed automated analysis of data when read with a barcode scanner (MS842 
2D Image Scanner, Unitech Electronics Co, Ltd, USA).  These standardized labels were 
paired with a data collection software (BC-Wedge, TAL Technologies, Inc., PA) that 
converted serial output from our lab scale (MSU224S-100-DU, Satorius AG, Germany) 
to an Excel-readable format. These procedural modifications greatly streamlined our 
assay set-up and workflow and minimized the likelihood of random, human error.  
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Culture Medium: KSM.  From the outset, we knew that the chemical composition 
of our culture medium would be very important and we wanted to define a medium that 
provided all the essential nutrients for a diverse array of algae and fungi. We chose to 
approach the design of our medium by first focusing on the algal requirements because 
they are typically harder to culture than their fungal counterparts. We developed a 
medium that was designed to contain every potential vitamin and trace metal required by 
a broad range of algae, and the Hom Lab refined it through several years of use and 
testing. Due to the eclectic nature of our medium, we termed it Kitchen Sink Medium 
(KSM), which combined the essential ingredients from three common defined algal 
media, BBM (Stein 1979), BG11 (Stanier et al. 1979), and Z8 (Skulberg and Skulberg 
1990). We sought to design a nutrient replete medium for algal and fungal monocultures 
to flourish, and also wanted to avoid any potential toxic effects of a medium that was 
unnecessarily concentrated. We determined the optimal nutrient concentrations through a 
series of preliminary trials where all nutrients besides salts (nitrogen, phosphorus, trace 
Figure 1: Assay Labels. Human-readable labels for 6 replicate 
cocultures of alga (CC1690; C. reinhardtii) & fungus (ID#6252) 
prepared on Feb 28, 2019. Letters found at the end of the fungus name 
(A-F) are used to distinguish each of the six culture replicates. QR 
codes on the right side encodes this information and allows machine-
based tracking of cultures throughout the experimental workflow. 
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metals, and vitamins) were diluted 10-fold, 100-fold and 1000-fold and used to culture 
common laboratory algal strains such as C. reinhardtii, C. vulgaris, and the 
cyanobacterium, Synechococcus elongatus. We determined that a 10-fold dilution 
provided nutrient concentrations that were just sufficient to sustain low-level growth of 
our selected algae cultures. Our assumption was that these domesticated laboratory 
strains traditionally grown on rich media would have higher nutrient requirements than 
the strains isolated from the environment. When adapting the medium for fungal growth, 
a 110 millimolar (mM; 2% w/v) concentration of glucose (C6H12O6) was added as the 
sole fixed-carbon source for the fungi based on previous coculture work by Hom and 
Murray (2014). The final coculture medium was termed Kitchen Sink Medium plus 
glucose (KSM+G) and includes nitrate as the sole nitrogen source. We chose not to 
buffer our medium as is common practice in many algal-only media; algae have a general 
preference for a more basic medium (Harris, Stern, and Witman 2009) while filamentous 
fungi have a preference towards more acidic conditions (Matthies, Erhard, and Drake 
1997) and acidify their medium through cellular respiration. Given the opposing 
environmental preferences of our study organisms, we felt that pH balance could be an 
inherent property of a potential mutualism  (Hom and Murray 2014) and opted not to 
mask this interaction with a buffered medium. A full list of KSM+G ingredients can be 
found in Appendix A.1. 
Standardizing Culture Inoculation Densities. Inoculation techniques for each 
organism were dependent on culture growth conditions and physiology. All fungi were 
cultured on Malt Extract Agar (MEA) plates (Fröhlich and Hyde 1999). Originally, we 
inoculated our coculture assays by cutting small sections of fungi from our culture plates 
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until our tube mass increased by 0.1 grams (g). However, this method was time 
consuming and increased the likelihood of contamination as culture tubes had to be left 
open for long periods of time while fungal sections were carefully added. It also poorly 
standardized because it was difficult to remove fungi from agar, leading to high 
proportions of solid medium contributing to the measured mass. The addition of agar 
would also introduce an alternative nutrient source that could confound results using an 
otherwise defined culture medium (particularly if fungi were capable of extracting extra 
nutrients from attached agar rather than interacting with the culture medium and algae). 
We revised our method of fungal inoculation, using fungal cultivation on cellulose filters 
and relying on areal biomass instead of weighed biomass. Fungi were grown on top of a 
thin, cellulose filter (325P Cellulose Filter, A.A. Packaging Limited, U.K.) that was 
placed on agar plates. These filters provided a porous layer between fungal cultures and 
agar that allowed fungi to receive the nutrient benefits of the medium without allowing 
fungal penetration. In this way, the cellulose filters ensured that agar was not 
incorporated into sample tubes. We used circular biopsy punches (McKesson Medical-
Surgical Inc., VA.) to create standardized discs of fungal inoculum with uniform surface 
area. During inoculation, care was taken to punch fungi around the outer circumference 
of fungal growth so that the youngest hyphae were utilized. Initially, we used biopsy 
punches that were 3 millimeters (mm) in diameter and added three fungal punches to 
each sample for a total of 21.3 mm2 of fungal surface area. However, we found that these 
small fungal punches were difficult and time consuming to handle. We switched to a 5 
mm diameter biopsy punch and added one fungal punch to each sample. This provided a 
fungal surface area of 19.6 mm2, very close to our original surface area standardization.  
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All algal inocula were scaled up in liquid media. C. reinhardtii and C. vulgaris 
were inoculated at a final concentration of 1x105 cells per milliliter (mL). Cell counts 
were performed manually using a hemocytometer and light microscope. While this 
manual counting method is suitable for unicellular algae, it does not work for P. 
margaritaceum because cells tend to clump together. In order to standardize cell input 
between experiments, we used a standard packed cell density. For P. margaritaceum, a 
standard density of 0.05 packed cell mass per mL was obtained with a Packed Cell 
Volume Tube Reader system (Techno Plastic Products AG, Switzerland).  
 Prior to implementation of the barcode system, it was difficult to track the mass of 
each tube over the duration of an experiment. Because the variation between tube masses 
was relatively low, we initially obtained an average tube biomass by weighing 100 empty 
culture tubes without lids. However, in the early trials of our assay, we quickly realized 
that we were attempting to detect negligible differences in biomass between treatments. 
Given the degree of sensitivity our assay required, any discrepancies in measurement 
could greatly affect our results. We decided that an average tube mass would not suffice. 
Instead we began pre-weighing labeled tubes individually to account for each tube weight 
in the final biomass recordings. After coculturing, samples were centrifuged and the 
supernatant aspirated to ensure that remaining nutrients (sugar and salts) did not 
contribute to biomass measurements upon drying. In some cases, sufficient media 
removal was not possible because the vacuum power of the pipette would remove large 
sections of biomass along with the media. In these cases, we vacuum filtered samples on 
pre-weighed filter paper. All samples were placed in a drying oven and weighed to 
determine dry-weight biomass measurements.  
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1.2 Selection of Organisms  
This research was funded by a National Science Foundation grant entitled “Filling 
the largest void of the fungal genealogy of life (the Pezizomycotina) and integrating 
symbiotic, environmental and physiological data layers.” One goal of this grant is to 
explore the symbiotic potential between fungi and photoautotrophs through the use of 
endolichenic and endophytic fungi. Endophytes are microbes that reside within plant 
tissue but do not cause symptoms of disease within hosts (Wani et al. 2015) while 
endolichenic fungi are fungi that reside within asymptomatic lichens (U’Ren et al. 2012). 
For our study, we focused on a diverse set of understudied fungal symbionts, chosen from 
previously field-isolated fungi with our collaborators Drs. Betsy Arnold (U. of Arizona) 
and François Lutzoni (Duke University). We felt that both endophytic and endolichenic 
fungi were good fungal candidates for our coculture assay since they presumably already 
possess some capacity for physical interaction with plant lineages.  
In addition, two filamentous fungi, N. crassa and A. nidulans were selected based 
on their shown ability to form tight physical associations with C. reinhardtii when grown 
in cocultures as seen in Hom and Murray (2014). Similarly, we selected C. reinhardtii 
because it is a model alga and has been previously studied in the fungal-algal experiments 
demonstrated by Hom and Murray (2014). C. vulgaris, a distant relative of C. reinhardtii, 
was cocultured with fungus in this same study. P. margaritaceum was selected based on 
its phylogenetic diversity from C. reinhardtii and C. vulgaris as well as it being a 
Charophyte alga, the closest algal lineage to the modern land plants (Raimundo et al. 
2018).  
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1.2.1 Chlamydomonas reinhardtii  
C. reinhardtii, a unicellular green alga 10 micrometers (µm) in diameter, is a 
member of the Chlorophyte algae that diverged more than a billion years ago from the 
Streptophyte lineage that includes the land plants (Merchant et al. 2007). General 
characteristics include a circular shape with a centrally located nucleus, a single 
chloroplast, and two anteriorly placed flagella (Harris, Stern, and Witman 2009). Its 121 
megabase (Mb) genome has been sequenced and has about ~15,000 predicted protein-
coding genes (Merchant et al. 2007). C. reinhardtii is a useful laboratory model, as it 
allows genetic manipulation that makes it useful in exploring gene function and genetic 
mutations through processes such as transformation (Grossman et al. 2003). It is a model 
organism for studying the eukaryotic photosynthetic processes that it shares with land 
plants (Merchant et al. 2007). Similarly, C. reinhardtii is useful in examining the 
structural and developmental aspects of eukaryotic flagella that can aid in understanding 
the biology of cilia in animals (Grossman et al. 2003). Other applications of C. 
reinhardhii include but are not limited to the study of responsiveness to light and 
chemotaxis, energy production in the form of hydrogen gas (H2), and bioremediation 
(Grossman et al. 2003).  
As demonstrated by Hom and Murray (2014), C. reinhardtii has the ability to 
form an obligate mutualism with the yeast Saccharomyces cerevisiae when atmospheric 
carbon dioxide (CO2) is eliminated and the alga is forced to rely on fungi as its sole 
source of CO2. The alga in return reduces nitrite (NO2-) into ammonia (NH3) that the 
yeast uses as its nitrogen source (Hom and Murray 2014). These experiments as well as 
others using filamentous fungi demonstrated that free living species (like C. reinhardtii) 
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can spontaneously form metabolic and physical interactions with another species if 
placed in altered environmental conditions (Hom and Murray 2014). Furthermore, C. 
reinhardtii is believed to contain homologs for CCaMK and DMI1 genes, some of the 
many genes that regulate the formation of AMF symbioses in the roots of land plants 
(Delaux et al. 2015). Both of these characteristics make C. reinhardtii a promising 
microalga for examining symbiotic interactions.  
 
1.2.2 Chlorella vulgaris 
 Like C. reinhardtii, C. vulgaris is a member of the Chlorophyte algae. This 
freshwater, unicellular microalga has a spherical shape that ranges in diameter from 2-10 
µm and contains a single chloroplast. Characteristics that make C. vulgaris a good 
laboratory organism include its quick growth rate and its ability to withstand unfavorable 
conditions such as limited nutrients, increased temperature, or increased light exposure 
(Safi et al. 2014). This resistance to unfavorable conditions allows C. vulgaris to be 
studied in manipulated environments. Today there are many biological applications of C. 
vulgaris. One prominent interest is its use as an alternative fuel source. If grown under 
certain environmental conditions, C. vulgaris has the ability to produce large amounts of 
fatty acids that can be turned into biodiesel which makes it a promising alternative for 
efficient fuel production (Safi et al. 2014). C. vulgaris is also used as a food additive 
because of its dense macronutrient content and the long-held belief that it provides health 
benefits such as anti-cancer properties and protection against age-related diseases (Safi et 
al. 2014).  Together with C. reinhardtii, C. vulgaris is one of the most commonly used 
and studied Chlorophyte. 
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1.2.3 Penium margaritaceum  
  P. margaritaceum is a widely examined and manipulated microalga. As a 
member of the Charophyte algae, P. margaritaceum is one of many green algal species 
that are considered to be the closest living relatives of land plants (Raimundo et al. 2018). 
This freshwater microalga is an organism with a central nucleus and 2 chloroplasts on 
either side (Estevez 2015). It has a cylindrical shape and varies in length from 120 to 240 
µm (Domozych 2014). P. margaritaceum’s cell wall consists of an inner cellulose layer 
surrounded by a calcium-complexed homogalacturonan layer (Estevez 2015); while 
simpler than the cell wall of plants, its cell wall shares many structural similarities with 
that of plants’ primary cell walls (Domozych 2014). This feature makes it a model 
organism for the study of both plant cell wall structure and development. Another 
desirable element is its fast growth rate and ease of culturing in a lab setting (Domozych 
2014). 
 
1.2.4 Endophytic and Endolichenic Fungi 
Samples of endophytic fungi found in plant leaves and endolichenic fungi were 
collected and isolated by Dr. Betsy Arnold (U. of Arizona) from seven different locations 
within boreal forests around the world. A small subset of these isolated fungi were 
specifically selected for our assay in collaboration with Dr. Arnold and Dr. François 
Lutzoni (Duke University); ( Dr. Erik Hom, personal communication). Our subset was 
selected to represent a wide phylogenetic diversity yet include some fungi within the 
same families. This clustering of closely related fungi was designed to aid comparisons of 
coculture performance between similar fungi. This subset of fungi was also specifically 
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selected to represent a variety of geographical locations. In addition, two filamentous 
fungi with sequenced genomes were used: N. crassa and A. nidulans. N. crassa is a 
model organism in molecular biology and has a 40 Mb genome that contains ~10,000 
protein-coding genes (Galagan et al., 2003). A. nidulans has a 30 Mb genome and serves 
as a model fungus in both cell development and gene regulation studies (David et al., 
2008).
 16 
 
CHAPTER 2 
 
Materials and Methods 
 
2.1 Culture Maintenance   
 
2.1.1 Fungal cultures 
Our fungal samples consist of 35 fungal strains from the subphylum 
Peziomycotina and phylum Ascomycota. These isolates were shipped as fungal vouchers 
suspended in twice-autoclaved, deionized water as well as on MEA plates (Fröhlich and 
Hyde 1999). Photos of both the top and bottom of mature fungal culture plates were taken 
when cultures arrived to the lab to serve as a reference of the physical appearance of each 
fungal species. Culture plates were regularly checked for growth progress and 
contamination against these pictures. In case of contamination, fungal stocks were 
maintained as vouchers stored in twice-autoclaved deionized water at room temperature. 
An additional set of voucher tubes was stored at -80 °C in a 40% glycerol-MEA solution.  
All fungal cultures were maintained on 60 mm culture plates containing MEA 
agar and labeled with our QR barcode system in order to decrease the likelihood of 
mislabeling and to make it easier to generate labels for coculture assays. We produced 
two different categories of plates for each fungus: “reserve” plates and “assay” plates. 
Reserve plates were used to create new assay plates and ensure that we always had a 
source of fungi. Assay plates were ultimately the fungal source for coculture inoculations. 
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Assay plates were also 60 mm MEA plates, but they had an additional 50 mm autoclaved 
cellulose filter (325P Cellulose Filter, A.A. Packaging Limited, U.K.) added on top of the 
agar. Prior to addition to the MEA plates, the cellulose filters were sandwiched between 
two GF/F filters, wrapped in aluminum foil, and autoclaved at 121 °C for 15 minutes. No 
more than 10 cellulose filters were autoclaved in a single stack in order to ensure proper 
sterilization. The purpose of the cellulose filter was to allow for easy separation of the 
fungi from the agar for inoculation into coculture assays. 
Fungal transfers were performed aseptically in a sterile hood. All instruments 
were sterilized by submersion in 70% ethanol followed by flaming with a butane torch. 
Instruments were allowed to cool before contacting cultures. Fungal punches were cut 
from reserve plates with 8 mm biopsy punches and transferred fungal-side down onto 
new assay plates using forceps and a scalpel. Newly transferred fungal plates were 
wrapped in parafilm and placed in transparent boxes (T-195, Althor Products, CT) and 
maintained at room temperature under ambient light (13 µmol/m2/s).  
 
2.1.2 Algal Cultures 
Algal cultures were maintained in our culture room at ~25 °C under 80 µmol/m2/s  
LED cool white lights (917972, Feit Electric Co., CA) and grew in liquid media. C. 
reinhardii was grown in TAP medium (Harris, Stern, and Witman 2009) while C. 
vulgaris was grown in BBM medium (Andersen, 2005). Both cultures were maintained 
on shakers at 125 rotations per minute (rpm) under 12 hours of light per day that was 
distributed in random intervals. P. margaritaceum was cultured on modified Woods Hole 
Medium (Stein, 1979) and placed on a shelf rather than a shaker. Cultures were 
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maintained by periodically diluting by 10-fold into fresh media. C. reinhardtii and C. 
vulgaris were passaged for at least one week before being used in assays while P. 
margaritaceum grew for two weeks before use. In addition to liquid cultures, we plated 
C. reinhardtii, C. vulgaris, and P. margaritaceum on TAP+ 1% (w/v) yeast extract, BBM 
+ 1% (w/v) yeast extract, and modified Woods Hole +1% (w/v) yeast extract, 
respectively to check for bacterial and fungal contamination. 
 
2.2 Coculture Inoculation 
2.2.1 Tube Preparation 
Sterile, freestanding 30 mL polypropylene tubes (525-0301, VWR International, 
L.L.C., PA) were used for biomass assays. Six replicates for all fungal monocultures, 
algal monocultures, and cocultures were used. For each fungal-algal pairing, two trials 
were performed for a total of 12 replicates per pairing. Each tube was labeled using our 
QR barcode system before initial weighing. Recordings were taken using a Sartorius 
Cubis Analytical balance (MSU224S-100-DU, Sartorius AG, Germany) programmed to 
display biomass values within an Excel spreadsheet. This balance was placed inside a 
sterile hood (SG404, The Baker Company, ME). Prior to weighing, the lid of each tube 
was removed and the empty tube mass was measured. Sample labels were scanned into 
the computer as each sample was weighed. After initial weighing, tube lids were screwed 
back on and tubes were ready for inoculation. 
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2.2.2 Fungal Inoculation 
Culture inoculations were performed aseptically inside a sterile hood. Cellulose 
filters containing the growing fungus were carefully removed from assay plates with 
forceps and placed on the inside of each plate lid. Fungal punches were made using our 5 
mm biopsy punches. Punches were taken from the farthest edge of fungal growth and 
continued around the perimeter in order to inoculate with actively growing hyphae. Using 
forceps, one fungal punch was added to each fungal monoculture tube and each coculture 
tube.  
 
2.2.3 Algal Inoculation  
C. reinhardtii and C. vulgaris were inoculated at a concentration of 1x105 cells 
per mL. We started by pipetting a 1 mL sample from a concentrated algal stock culture 
into a 1.5 mL centrifuge tube. We then diluted this sample 10-fold by adding 100 
microliters (µL) of algae to 900 µl of a 1x CYB salt basal medium (developed by Dr. Erik 
Hom, Appendix 1.B) in a new 1.5 mL centrifuge tube. The basal medium was used to 
dilute cultures instead of water in order to prevent cell lysis due to osmotic shock. From 
our dilution, 10 µL was pipetted onto a hemocytometer. We performed a cell count 
within a given area of the hemocytometer using a light microscope at 100X total 
magnification. The cell count was used to calculate the volume of algal culture needed to 
create our total algal volume with a concentration of 1x105 cells per mL.  
For P. margaritaceum, 100 µL of algal culture was pipetted into a 1.5 mL Packed 
Cell Volume Tube (Techno Plastic Products AG, Switzerland) and centrifuged at 
10,000xg for 1 minute in order to pellet the cells. The sample was placed in a Packed Cell 
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Volume Tube Reader system (Techno Plastic Products AG, Switzerland) to measure the 
level of packed cell density based on the reader’s slide rule markings and per reader 
system instructions. From this slide rule measurement, we then calculated the volume of 
culture needed to reach our standardization concentration of 0.05 packed cell density per 
mL. This concentration was chosen because it resulted in liquid cultures that were 
visually comparable to those of C. reinhardtii and C. vulgaris. 
Once the required volume of algal culture was determined, that volume was 
pipetted into a sterile 30 mL centrifuge tube and centrifuged at 2,500xg for two minutes 
to pellet cells. The supernatant was decanted from tubes and replaced with an equal 
volume of basal medium to wash algae free of media nutrients. Tube lids were tightened 
and samples were shaken briefly to mix algae with the basal medium. Samples were then 
centrifuged for another 2 minutes at 2,500xg and basal medium was decanted. Algal 
pellets were then suspended in KSM+G liquid medium to the total needed volume for the 
appropriate cell density. Fifteen mL of the algal culture was pipetted into each coculture 
and algal monoculture tube. Fungal monocultures received 15 mL of KSM+G without 
algae. 
 
2.3 Coculturing 
It was imperative that all samples were placed in a uniform, hospitable 
environment under nutrient replete conditions. All tube lids were loosened slightly to 
provide algae with an adequate source of ambient CO2 for photosynthesis. Tubes were 
placed on racks in our culture room at ~25 °C under 24-hour 80 µmol/m2/s LED cool 
white lights (917972, Feit Electric Co., CA). Tubes were randomized on the racks so that 
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monoculture and coculture replicates would not be clustered in one area in the event that 
environmental conditions such as light intensity varied slightly throughout the rack. We 
allowed cultures to grow for a total of 14 days before processing. 
 
2.4 Assay Processing  
Our first step in assay processing was to examine the physical appearance of 
fungal-algal pairings after two weeks of coculturing. We took standardized photos of all 
coculture samples using a photo booth created in the lab. As we began processing assays, 
we noticed that some fungal-algal pairings showed signs of what we refer to as ‘fungal-
algal tissue formation.’ In other words, fungi formed close physical associations with 
algal partners. For cocultures with fungal-algal tissue formation, four side-view photos 
were taken of each sample, each at a 90˚ angle from one another. This allowed us to have 
front, back, and side views of the tubes. Cocultures with no signs of apparent tissue 
formation were also photographed, however only one face-on photo of each was taken.  
The next step of processing involved preparing samples for final biomass 
measurements. Samples were centrifuged for 5 minutes at a speed of 15,000xg. 
Centrifugation allowed culture biomass to pellet so that KSM + G medium could be 
aspirated by pipetting. In aspirating, we left as little liquid as possible without removing 
biomass. Some samples required further centrifugation to attain this. When it was not 
possible to remove most of the media from samples, we vacuum filtered tube contents 
onto pre-weighed glass filters (#691 Glass Microfibre Filters, VWR International, L.L.C., 
PA). These filters were placed directly into the original sample tubes for drying. After 
aspiration, all tubes were placed in a drying oven (UL/CSA Certified 0.9 CF Vaccum 
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Oven, Across International, L.L.C.,NJ) at a temperature of 176 °F for two days. After 
drying, final dry-weight measurements of culture tubes without lids were made.  
 
2.5 Data Analysis 
 In order to obtain the dry-weight biomass, we first subtracted tube mass from each 
sample. We then compared final dry-weight coculture and monoculture biomasses by 
using a value we referred to as kappa (κ). We calculated κ as follows: 
 
κ = coculture biomass – (fungal monoculture biomass + algal monoculture biomass) 
 
Monoculture biomass was calculated from an average of the six fungal replicates and six 
algal replicates of each trial. Therefore, for any particular fungal-algal pairing, the same 
monoculture biomass was compared to each of the six distinct coculture biomasses of a 
trial. Under our culture conditions, we viewed positive κ values (cocultures with greater 
biomass than the sum of monocultures) as mutualisms. Negative κ values (cocultures 
with less biomass than the sum of monocultures) were considered antagonisms. Our κ 
values allowed us to compare biomass results within a particular fungal-algal pairing, 
however they were not an accurate way of comparing relative biomass between different 
fungal-algal pairings. This is because we can expect each fungus and alga to vary in their 
growth rates. In order to compare different pairings, each fungal-algal measurement 
needed to be relative to its own growth. We therefore standardized each κ relative to the 
fungal-algal pairing we were analyzing so that we could compare results between 
different fungal-algal combinations. This standardization gave us two further values for 
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analysis: mu (µ), which we used to analyze mutualisms (positive κ) and alpha (α), which 
we used for antagonisms (negative κ). These values were calculated as follows: 
 
Mutualisms (κ > 0): 
!"!#$%#&'	  )*"+,--.-#+	  "/	  +"0"!#$%#&'	  )*"+,---#+	  "/	  +"0"!#$%#&'	  )*"+,-- =	   µ 
 
 
!"!#$%#&'	  )*"+,---#+	  "/	  +"0"!#$%#&'	  )*"+,-- − 1 =	   µ 
 
Antagonisms (κ < 0): 
!"!#$%#&'	  )*"+,--.-#+	  "/	  +"0"!#$%#&'	  )*"+,--!"!#$%#&'	  )*"+,-- =	   α 
 
  1 − -#+	  "/	  +"0"!#$%#&'	  )*"+,--!"!#$%#&'	  )*"+,-- =	   α 
 
As shown in these equations, mutualisms were standardized by monoculture biomass 
whereas antagonisms were standardized by coculture biomass. Two separate equations 
were used so that measurements would not be bound to a positive or negative number. 
When these equations are simplified, it can be seen that µ can never be less than -1. 
Similarly α can never be greater than 1. If we were to analyze mutualistic interactions 
and assess how “positively” a fungus and alga are growing in coculture, we would not 
want to use our α equation because it is bound to 1 and does not scale linearly with a 
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positive fold-change in κ. Similarly for antagonistic interactions, to measure how 
“negatively” fungus and algae are growing in coculture, we did not want to use our µ 
equation which is bound to -1 because it does not scale linearly with a negative fold-
change in κ. We therefore decided to use both equations in our analysis, µ for κ > 0 and α 
for κ < 0. A µ or α value was calculated for each individual coculture replicate in each 
trial.  
 Raw tube mass data was stored in Excel spreadsheets. This data was analyzed 
using a Python script written by Michael Clear in the Hom Lab (who also helped with 
these analyses) in order to calculate κ, α, and µ values and to aggregate and visualize this 
data into a bar graph format. Statistical analyses were performed in the R programming 
language using the lme4 package. In order to statistically test possible predictors of 
variation in our α/µ-values, we analyzed different statistical models where α/µ-value 
served as the dependent variable and a combination of categorical variables served as 
independent variables. We made the assumption that fungal strain contributed to variation 
in our results and therefore treated ‘fungus’ as a fixed effect (Statistics How To, 2019). 
We also needed a way to account for differences in α/µ-values that could be the result of 
a particular experiment. We considered ‘experiment’ as a random effect (Statistics How 
To, 2019) because each trial was performed on different days and often performed by 
different individuals, which could lead to inherent biases in our results. Another factor 
that required consideration was variation that could arise from the nature of our α/µ 
calculations. As mentioned earlier, our values included averages for each individual trial. 
Each trial used the same algal average for calculations because all pairings within a trial 
were treated with the same algal species. However, each fungal-algal pairing had a 
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distinct fungal average because each pairing was treated with a different fungal strain. To 
account for these differing averages within trials, we considered another potential random 
effect that we referred to as a ‘fungus-trial’ effect. We therefore compared three different 
models to analyze sources of variations in α/µ-values: 
(1) A linear model with ‘fungus’ as a fixed effect,  
(2) A mixed model with ‘fungus’ as a fixed effect and ‘experiment’ as a random 
effect, and 
(3) A mixed model with ‘fungus’ as a fixed effect and both ‘experiment’ and 
‘fungus-trial’ as random effects. 
We analyzed each model to determine which one was the best fit for our set of data and 
obtained p-values from our selected model. We examined the Akaike Information 
Criterion (AIC) scores of our three potential models in order to identify which model 
explained the greatest level of variation in our α/µ-values. An AIC score is a measure of 
the quality of a statistical model relative to other models that analyze the same set of data 
(Statistics How To, 2015); we use it here to determine which model accounts for the 
greatest amount of variation in our data. We first checked to see if the models were 
statistically different from one another by performing an ANOVA on the models 
themselves. If we observed a p-value of p<0.05, we would follow-up with an analysis of 
AIC scores to see which model explained the most variance. Satterthwaite’s 
approximation method (Statistics How To, 2013) was used to obtain effective degrees of 
freedom for our mixed-model analyses. 
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CHAPTER 3 
Results and Discussion 
 
3.1 Results 
3.1.1 Chlamydomonas reinhardtii Coculture Results  
All but five fungal-algal pairings with C. reinhardtii resulted in negative α-values 
meaning that by biomass, we would classify these coculture interactions as antagonistic 
under our culture conditions (Figure 2). However, the non-negative α-values for the five 
pairings that were not considered antagonistic are not significantly different from zero 
based on 95% confidence intervals represented by standard error bars. This was 
determined by visually doubling the length of standard error bars to see if they reached 
zero. Those that did reach zero were considered not significantly different from zero.  
Although our results for C. reinhardtii pairings revealed biomass-based antagonism, 
many cocultures displayed the ability to form tight physical associations and what we 
have termed “fungal-algal tissues”. Of the 35 fungi, 16 (or 45%) form fungal-algal tissues 
when paired with C. reinhardtii.
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Data Analysis Model Selection. Due to the likely dependency of our α/µ-values 
between samples inoculated on the same day (due to identical inoculum), we looked for 
potential correlations by using a linear mixed model in addition to a linear model. A 
linear mixed-model was chosen because we wanted to examine random effects along 
with our fixed effects as sources of variation in our data (UCLA Institution for Digital 
Research and Education). We examined the AIC scores of our three potential models (1. 
‘Fungus’ as a fixed effect, 2. ‘Fungus’ as a fixed effect and ‘experiment’ as a random 
Figure 2: C. reinhardtii α/µ-Values. Average α/µ-values for each fungal strain paired with C. 
reinhardtii. Fungal strains are organized phylogenetically and listed by family name. Bars 
represent 95% confidence interval standard errors. 
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effect, and 3. ‘Fungus’ as a fixed effect, ‘experiment’ as a random effect, and ‘fungus-
trial’ as a random effect). We assumed that more complex models would often explain 
more variance (given additional variables/degrees of freedom for fitting). If this were 
true, we would choose the simplest model in cases where two models were not 
statistically different from one another. The AIC scores (Table 1) indicate that the linear 
model ANOVA with ‘fungus’ as a fixed effect has the lowest AIC score and thus 
explains the greatest amount of variation. The mixed models show that both ‘experiment’ 
and ‘fungus-trial’ have nonzero intercepts indicating that both of these random variables 
explain variation. However, because our simplest model including ‘experiment’ as a 
fixed effect explained the greatest amount of variation, it was the model we chose to use. 
Based on this model, fungus explains a significant amount of variation in our α/µ-values 
(p =0.0001 ).  
 
 
Model AIC Intercept: 
fungus 
Intercept: 
experiment 
Intercept: 
fungus-
trial 
(1) Fixed effect: fungus 1359.896 
 
-3.167070 
 
  
(2) Fixed effect: fungus 
Random effect: experiment 
1367.1 
 
-2.48145 
 
0.4081 
 
 
(3) Fixed effect: fungus 
Random effect: experiment 
Random effect: fungus-trial 
1365.4 
 
-2.565664 
 
0.3234 
 
0.2265 
 
Table 1: C. reinhardtii Model Summaries.  Three models using different combinations of 
fixed and random effects to analyze C. reinhardtii α/µ-values. These summaries were 
analyzed to determine the best model to use to examine sources of variation in our data.    
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In addition to the three models examined, we tested if any other categorical 
variables in the experiment (e.g., source of fungus) were significant predictors of α/µ 
variation. We performed ANOVAs with additional fixed effects (on top of ‘fungus’ as a 
fixed effect). These additional fixed effects included habitat (stem, leaf, or lichen), origin 
(Temperate, Southwestern U.S., Boreal, Southeastern U.S., Costa Rica, Eastern Russia, 
North-central U.S., or Alaska), source (plant or lichen), host (lichen, plant-bryophyte 
plant-angiosperm, plant-conifer, plant-pteridophyte, plant-lycopod), and fungal-algal 
tissue (formation or no formation). For our C. reinhardtii coculture experiments, none of 
these variables were significant predictors of variation.  
 
3.1.2 Chlorella vulgaris Coculture Results  
The majority of C. vulgaris cocultures exhibited antagonistic behavior under our 
culture conditions as shown by the negative α-values (Figure 3). Only one pairing 
showed mutualistic behavior (positive µ).  The α/µ-values that are not antagonistic or 
mutualistic are not significantly different from zero based on the 95% confidence 
intervals. Unlike C. reinhardtii, only one of the 35 fungi paired with C. vulgaris resulted 
in formation of a fungal-algal tissue in coculture.  
Data Analysis Model Selection. We compared the same three statistical models 
used for our C. reinhardtii data in analyzing our C. vulgaris data (Table 2). Our 
comparisons indicate that the linear model with ‘fungus’ as fixed effect explained the 
greatest amount of variation. The ANOVA results show that ‘fungus’ explains a 
significant amount of variation in α/µ-value (p = 0.0001). When we added other fixed 
effects (habitat, origin, source, and host) to this model, only ‘origin’ (geographical region 
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where fungus was isolated) showed some significance as a predictor of α/µ-value (p = 
0.01). Fungal-algal tissue was not tested as an additional fixed effect.  
  
Model AIC Intercept: 
fungus 
Intercept: 
experiment 
Intercept: 
fungus-trial 
(1) Fixed: fungus 842.4092 
 
-0.3792964 
 
  
(2) Fixed: fungus 
Random: experiment 
870.0 
 
-0.37930 
 
0.000 
 
 
 
(3) Fixed: fungus 
Random: experiment 
Random: fungus-trial 
872.0 
 
-0.37930 
 
0.000 
 
0.000 
 
Figure 3: C. vulgaris α/µ-Values. Average α/µ-values for each fungal strain paired with 
C.vulgaris. Fungal strains are organized phylogenetically and listed by family name. Bars 
represent 95% confidence interval standard errors. 
Table 2: C. vulgaris Model Summaries.  Three models using different combinations of fixed 
and random effects to analyze C. vulgaris α/µ-values. These summaries were analyzed to 
determine the best model to use to examine sources of variation in our data.    
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3.1.3 Penium Margaritaceum Coculture Results 
Three of our 35 fungal-algal pairings performed with P. margaritaceum showed 
positive µ-values (Figure 4) and were classified as mutualistic under our culture 
conditions. Four pairings have µ-values that are not significantly different from zero 
(based on 95% confidence intervals) while the majority of remaining pairings displayed 
antagonistic α-values (<0). Unlike our other algae, P. margaritaceum did not form any 
observable fungal-algal tissues.  
 
 
Figure 4: P. margaritaceum α/µ-Values. Average α/µ-values for each fungal strain 
paired with P. margaritaceum. Fungal strains are organized phylogenetically and 
listed by family name. Bars represent 95% confidence interval standard errors.    
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Data Analysis Model Selection. We chose our best-fit statistical model by 
comparing our three potential models (Table 3). Based on AIC scores, we chose to use 
our linear model including ‘fungus’ as a fixed effect. As seen with our other algae, our 
chosen linear model ANOVA indicates that ‘fungus’ has a significant effect in P. 
margaritaceum cocultures (p = 0.0001). An analysis of other fixed effects (habitat, origin, 
source, and host) indicates that ‘origin’ is the only predictor of α/µ-value (p = 2.2e-16). 
Fungal-algal tissue was not tested as a fixed effect in P. margaritaceum cultures.   
 
 
 
3.2 Discussion  
Regardless of algal species, the majority of fungal-algal pairings showed 
interactions that are classified as antagonistic under our simple biomass assay, meaning 
that the majority of fungal-algal cocultures generated less biomass than if fungal and 
algal partners were grown separately under the conditions used. Only one fungus paired 
Model AIC Intercept: 
fungus 
Intercept: 
experiment 
Intercept: 
fungus-trial 
(1) Fixed: fungus 730.745 
 
-0.557603 
 
  
(2) Fixed: fungus 
Random: experiment 
753.5 
 
-0.62166 
 
0.01455 
 
 
 
(3) Fixed: fungus 
Random: experiment 
Random: fungus-trial 
755.5 
 
-0.62167 
 
0.01455 
 
0.00000 
 
Table 3: P. margaritaeum Model Summaries.  Three models using different combinations 
of fixed and random effects to analyze P. margaritaeum α/µ-values. These summaries were 
analyzed in determining the best model to use to examine sources of variation in our data.    
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with C. vulgaris and three fungi paired with P. margaritaceum exhibited interactions that 
we characterized as mutualistic. Compared to C. reinhardtii and C. vulgaris cocultures, 
P. margaritaceum showed the greatest ability to exhibit facilitation with a small subset of 
our selected fungi. One plausible explanation for this is P. margaritaceum’s closer 
relationship to terrestrial plants. It is possible that P. margaritaceum has some shared 
characteristics with land plants that Chlorophytes do not possess that give it the ability to 
form simple symbiotic interactions with fungi that mimic those interactions of fungi with 
advanced photoautotrophs. While this is one possible explanation, it is important to note 
that positive µ-values only occurred in three of the 35 pairings performed with P. 
margaritaceum, and no signs of fungal-algal tissues were seen in P. margaritaceum 
cocultures.  
 Based on the fungal-algal tissues formed, biomass is clearly insufficient in 
reporting on symbiotic potential. In fact, the formation of fungal-algal tissues may be the 
most revealing finding of symbiotic potential in our cocultures. We do not see the 
formation of tissues in all pairings, indicating that formation is not merely a consequence 
of our coculture setup. It is not clear what fitness benefit tissue formation might serve but 
the potential to interact physically and symbiotically may serve as a substrate for 
evolving new entities (Hom et al. 2015).  
C. vulgaris formed a tissue with only 1 fungus compared to C. reinhardtii’s 16 
fungi. One potential explanation for this is the ability of C. vulgaris to use glucose as a 
carbon source while C. reinhardtii lacks this ability (E. F. Y. Hom and Murray 2014). 
Due to the availability of glucose in our cocultures, C. vulgaris could be using it as an 
energy efficient source of fixed carbon in addition to producing its own glucose through 
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photosynthesis. If true, the algae and fungi would be competing for resources. A 
competitive relationship of this nature might explain why most C. vulgaris cocultures did 
not show tight fungal-algal associations. It could also explain the limited biomass of 
cocultures in comparison to monocultures that do not need to compete for resources. P. 
margaritaceum was the only alga that showed no clear formation of fungal-algal tissues.  
This could be in part a consequence of P. margaritaceum cells clumping together in a 
manner that would physically hinder the tight fungal-algal associations. It is also 
plausible that the failure of fungi to “stick” may be rooted in differences between the cell 
walls of P. margaritaceum verses C. reinhardtii. 
From our biomass and tissue formation analysis, we have identified that fungi and 
algae have a potential to form symbiotic relationships when grown in coculture. 
However, it remains to be elucidated what the molecular basis of these physical 
interactions might be and why they form. It is unclear if fungi and algae are forming 
tissues for the purpose of efficiently exchanging resources in a way that is similar to the 
resource exchange between AMF and plants, or that one (e.g., the fungus) is parasitic on 
the other. Depending on the type of interaction (positive or negative), we might expect to 
see different proportions of fungi and algae in coculture. Furthermore, our current set up 
does not allow us to identify if respiration rates or photosynthetic rates are altered in 
coculture.   
Moving forward, it is of interest to continue exploring the symbiotic potential of 
these cocultures, specifically those fungal-algal pairings that formed tissues. Our current 
analysis did not account for the proportion of coculture biomass contributed by the 
fungus verses the alga. Plans are in place to perform qPCR analysis using fungal/algal 
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marker amplification to determine the proportions of fungi and algae in coculture 
(Michael Clear and Erik Hom, personal communication). This analysis will give us a 
sense of the relative abundance/fitness of each partner and allow us to make inferences as 
to the nature of the interaction between fungus and alga. For example, if we find that our 
cocultures tend to be dominated by fungus and have relatively little algae, perhaps fungi 
are using algae as food or inhibiting algal growth (perhaps by blocking light needed for 
photosynthesis). 
 In addition to qPCR, RNAseq transcriptomics data is being collected and 
analyzed for C. reinhardtii cocultured with N. crassa and A. nidulans (Michael Clear, 
personal communication). Transcriptomics will tell us what genes are expressed by 
quantifying the RNA transcripts that are produced in our cultures. Both N. crassa and A. 
nidulans as well as C. reinhardtii have annotated genomes, and were studied previously   
(Hom and Murray 2014). Annotated genome sequences will allow us to properly map 
RNA transcripts to a specific organism and allow us to understand the genes that are 
differentially expressed by the fungus and alga in coculture verses in monoculture. 
Because gene expression tells us what proteins are being synthesized, we can infer 
differences in cellular activity between cocultures and monocultures. For instance, if we 
see a pattern of genes being expressed in cocultures but not in monocultures, this could 
indicate that these proteins contribute specifically to a symbiotic function. We might also 
observe genes expressed in monoculture that are no longer expressed in coculture, 
suggesting that certain proteins may no longer be needed to be produced by an organism 
because it is provided by its partner. We anticipate that both qPCR and transcriptomics 
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data will give us greater molecular insights into the nature of interactions of fungus and 
alga in coculture and of their potential for symbiosis. 
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CONCLUSION 
 
 Mutualistic interactions between fungi and advanced photoautotrophs have long 
been a topic of study. These relationships likely started as interactions between fungi and 
early forms of nonvascular plants and have since flourished to encompass a wide array of 
interactions between fungi and the majority of today’s land plants. We know that modern 
fungal-plant symbioses have highly organized signaling pathways that lead to the 
initiation and formation of mutually beneficial interactions (Delaux et al. 2015). Our 
study aimed to develop a method for exploring more basal interactions that could have 
predated extant complex fungal-photoautotroph interactions. We chose to do this by 
looking at the symbiotic potential of fungi and land plants’ algal ancestors when brought 
together in coculture as a means of gaining insight into how such organisms might have 
coevolved.  
 A successful method for coculturing a breadth of fungi and algae was developed 
and fine-tuned. Furthermore, we successful developed and improved a biomass assay and 
analysis that allowed us to accurately compare the biomass of fungal-algal cocultures to 
that of monocultures. Overall, the experiments described serve as a preliminary 
examination of a set of fungal-algal interactions and paved the way for those more 
informative analyses that the Hom Lab hopes to develop more fully moving forward. 
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Appendix A.1: KSM+G ingredients in molar concentrations. 
 
17.7 mM NaNO3, 0.18 mM K2HPO4, 0.27 mM KH2PO4, 0.3 mM MgSO4*7H2O, 
0.24 mM CaCl2*2H2O, 0.19 mM NaHCO3, 0.43 mM NaCl, 46.3 nM H3BO3, 9.15 nM 
MnCl2*4H2O, 0.77 nM ZnSO4*7H2O, 1.89 nM Na2MoO4, 0.17 nM Co(NO3)2*H2O, 0.46 
nM CuCl2*2H2O, 0.008 nM Na3VO4, 0.1 nM AlK(SO4)2*12H2O, 0.05 nM NiSO4*6H2O, 
0.05 nM CdCl2, 0.01 nM CrCl2*6H2O, 0.01 nM Na2WO4*2H20, 0.1 nM KBr, 0.05 nM 
KI, 0.01 nM Na2SeO3, 0.58 nM RbCl, 0.1 mM Na2SiO3, 0.56 nM SrCl2*6H2O, 7.31 nM 
LiCl, 0.008 nM biotin, 0.84 calcium pantothenate, 0.0015 nM vitamin B12, 0.0045 nM 
folic acid, 22.2 nM myo-inositol, 3.24 nM niacin, 2.9 nM p-aminobenzoic acid, 1.94 nM 
pyridoxine HCl, 1.33 nM thiamine, 0.53 nM riboflavin, 10.36 nM FeCl3*6H2O, and 9.95 
nM disodium EDTA  
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Appendix A.2: 1X CYB nutrients in molar concentrations. 
 
6.06 uM McCl2*4H20, 0.15 uM KBr, 0.01 uM KI, 0.01 uM Na2SeO3, 9.79 mM Na3VO4, 
2.20 uM ZnCl2, 2.45 uM CuCl2 *2H2O, 0.84 uM CoCl2*6H2O, 0.21 uM Na2MoO4 *2H2O, 0.97 
uM H3BO3, 99.9 uM EDTA, 22.2 uM FeCl3*6H20, 40.8 uM CaCl2 *2H2O, 24.3 uM MgSO4 
*7H2O 
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